Abstract The early auxin responsive SAUR family is an important gene family in auxin signal transduction. We here present the first report of a genome-wide identification of SAUR genes in watermelon genome. We successfully identified 65 ClaSAURs and provide a genomic framework for future study on these genes. Phylogenetic result revealed a Cucurbitaceae-specific SAUR subfamily and contribute to understanding of the evolutionary pattern of SAUR genes in plants. Quantitative RT-PCR analysis demonstrates the existed expression of 11 randomly selected SAUR genes in watermelon tissues. ClaSAUR36 was highly expressed in fruit, for which further study might bring a new prospective for watermelon fruit development. Moreover, correlation analysis revealed the similar expression profiles of SAUR genes between watermelon and Arabidopsis during shoot organogenesis. This work gives us a new support for the conserved auxin machinery in plants.
Introduction
SAUR genes form an important and large gene family in auxin signal transduction and they are commonly employed as marker genes for early auxin response in model plants (Gil et al. 1994; McClure et al. 1989; Roux et al. 1998) . Till now, the function of SAUR genes in auxin signaling has been reported in many other plants, such as mung, tomato, radish, apple, maize, pepper, rice, litchi, potato, cotton, citrus, peach, sorghum and ramie (Huang et al. 2016 ). The results indicated that SAUR genes would generally regulate auxin-mediated development in plants. Molecular genetic studies have revealed the functions of several SAUR genes in Arabidopsis, such as such as AtSAUR14, 15, 36, [61] [62] [63] [64] [65] [66] [67] [68] [69] 75 in cell elongation (Chae et al. 2012; Matsui et al. 2005; Roig-Villanova et al. 2007; Stamm and Kumar 2013), AtSAUR9, 19-24, 38, 40, 41, 71, 72 in cell expansion (Spartz et al. 2012 (Spartz et al. , 2014 and AtSAUR15, 50, 68 in light signaling (Roig-Villanova et al. 2007; Sato et al. 2014) . With more and more plant genome information published, SAUR genes have been analyzed at genome-wide level in rice, maize, sorghum, Arabidopsis, tomato and potato Jain et al. 2006; Wu et al. 2012) . The specie-specific expansion of SAUR genes will be an important research focus to reveal their evolutionary pattern in plant genomes . In spite of published watermelon and cucumber (Cucumis sativus) genome information, there is still no related report on SAUR genes in Cucurbitaceae plants (Guo et al. 2013; Huang et al. 2009 ).
Watermelon is an important cash crop with important nutrient compositions, such as lycopene, sugars and healthy amino acids (Collins et al. 2007) . Nowadays, studies on watermelon are mainly focused on the mechanism of fruit development and disease resistance (Guo et al. 2011; Ouibrahim et al. 2014) , with general trends to improve fruit yield and quality. However, there are few reports studying the mechanisms of shoot regeneration to improve the efficiency of regeneration and transformation systems published decades ago (Choi et al. 1994) . It has been reported that SAUR genes differentially expressed during shoot organogenesis in Arabidopsis and ramie (Che et al. 2006; Huang et al. 2014) . Besides, it has been proved the existence of auxin signal regulation during fruit development (Pattison et al. 2014) . Related researches would be of great importance and promote the progress of auxin mechanism during shoot regeneration and fruit development in watermelon. In the present study, we conducted the identification of SAUR genes according to watermelon genome of inbred line 97,103. Phylogenetic analysis was employed to investigate the evolutionary history of SAUR proteins among Arabidopsis, cucumber and watermelon. We also conducted the expression analysis of 11 randomly selected SAUR genes in watermelon tissues and different development stages of shoot regeneration. The results would serve as an overview for watermelon SAUR genes and a guidance for future study.
Materials and methods
Sequence retrieval, chromosomal location and subcellular localization prediction Arabidopsis SAUR sequences were downloaded from The Arabidopsis Information Resource (http://www.Arabi dopsis.org) and employed as query sequences by using TBLASTN (Altschul et al. 1997) to search SAUR genes respectively in cucumber and watermelon genome databases (ICuGI) (http://www.icugi.org/cgi-bin/ICuGI/index. cgi) with a cut off of E-value \10 -5 . Obtained sequences were employed as queries to search the two databases again, respectively. Redundant sequences with the same chromosome loci or different identification numbers were removed. The information on chromosome localization and intron for these genes were also obtained from ICuGI. We further used obtained watermelon SAUR genes to search the watermelon unigene database by using BLASTN. Subcellular localization prediction for each genes was conducted using the CELLO software version 2.5 (http:// cello.life.nctu.edu.tw/) (Yu et al. 2006 ).
Phylogenetic, motif and promoter region analysis
Based on neighbor-joining (NJ) method, a phylogenetic tree was constructed for SAUR proteins by using the software MEGA 5.0 (Tamura et al. 2011) . Bootstrap values from 1000 trials was used to construct the most parsimonious tree. Multiple Expectation Maximization for Motif Elicitation (MEME) utility was employed to investigate the motifs of watermelon SAUR proteins (http://meme.nbcr. net/meme/) (Bailey et al. 2009 ).
To investigate cis-elements in promoter sequences of watermelon SAUR genes, we downloaded the upstream genomic DNA sequences (1000 bp) before the initiation codon (ATG) for each gene from the ICuGI. The database of plant cis-acting regulatory DNA elements, PLACE (http://www.dna.affrc.go.jp/PLACE/signalscan.html), was used for searching auxin-responsive elements in the promoter regions of the watermelon SAUR genes (Higo et al. 1999) .
Plant materials and sampling
The diploid watermelon inbred line A7 was used for material preparation in this study. The samples of different watermelon tissues (shoot, leaf, stem and flower) were separately collected from 2-month-old flowering plants. The leaves from 1-week-old seedlings were sprayed with IAA (50 mM, Sigma-Aldrich, Saint Louis, MO, USA) and sampled at 0, 15, 60 min according to previous studies (Wu et al. 2012; Huang et al. 2016) . Samples form different development stages of shoot regeneration were prepared according to our previous study (Zhang et al. 2015) . Decoated seeds were sterilized for 5 min with NaClO solution (10%), washed with sterile distilled water and placed in culture tubes (25 9 150 mm) with Murashige and Skoog medium (20 mL) for germination. Cotyledons from 1-week-old seedlings were cut into segments (0.5 9 0.5 mm) and cultured on MS medium (1.0 mg/L 6-BA and 1.0 mg/L NAA, Sigma-Aldrich, Saint Louis, MO, USA) under 25 ± 2°C with a photoperiod of 16/8 h (light/dark). Each sample was collected for three times as biological replicates, and froze in liquid nitrogen immediately and stored at -75°C before RNA isolation.
Quantitative RT-PCR analysis RNA isolation, reserves cDNA synthesis and quantitative RT-PCR analysis were conducted as previous study (Huang et al. 2014) . Total RNA was purified by Tiangen Ò RNA prep Pure Plant Kit (Tiangen Biomart, Beijing) and used for cDNA synthesis by GoScript TM Reverse Transcription System (Promega, USA), based on the instructions from manufacturer. Quantitative RT-PCR analysis was conducted by an optical 96-well plate iQ5 multicolor real time PCR system (Bio-RAD, USA). Each reaction (20 lL) consisted of cDNA (1 lL), gene-specific primers (10 nM), iTaq TM Universal SYBR Ò Green Supermix (10 lL, Bio-RAD, USA) and ddH 2 O (7 lL). The watermelon glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) gene was used as a endogenous control (Kong et al. 2014 ). Specific primers for each genes (Table 1) were designed by using Primer 3 (http://primer3.ut.ee/) and synthesized commercially from Sunny Biotech, Shanghai, China. Each sample was performed in triplicates for quantitative RT-PCR analysis. We calculated the relative expression levels as previously reported (Livak and Schmittgen 2001) .
Results

Obtained sequences, chromosomal location and subcellular localization of watermelon SAUR genes
After removing the redundant sequences, we obtained 65 SAUR sequences in genome database of watermelon inbred line 97,103 ( Table 2 ). The ORF length of these genes ranged from 252 to 558 bp, encoding polypeptides of 83-185 aa. The locations of the genes were also obtained when sequence retrieval and mapped to chromosomes ( Fig. 1) . The 65 genes were named from Cla-SAUR1 to ClaSAUR65 according to their chromosome positions (Table 2) . Watermelon SAUR genes spread on the eleven chromosomes. Two gene clusters were found in chromosome 2 and 11, which contained 15 and 23 SAUR genes, respectively. According to the results of predicted protein localization, we found that most watermelon SAUR genes possess signal sequences targeting the mitochondria or the nucleus. Only a few genes were located in extracellular, chloroplast, cytoplasmic or plasma membrane.
Phylogenetic, motif and promoter region analysis SAUR proteins from Arabidopsis, watermelon and cucumber were selected for the construction of NJ phylogenetic tree to investigate their evolution patterns. The Arabidopsis SAUR proteins were selected as model system. We obtained 73 SAUR genes in cucumber genome, which was used as close-related species (Supplementary Table 1 ). All SAUR proteins were clustered into eight groups (Fig. 2) . Group I contained much more Cucurbitaceae SAUR proteins than Arabidopsis, while group II was on the contrary. There were slightly more Arabidopsis sequences than Cucurbitaceae plants in group IV and V. Nearly the same scale of SAUR sequences in Arabidopsis and Cucurbitaceae plants were clustered into group VI, VII and VIII. Moreover, most watermelon sequences shared highly similarities with cucumber compared to Arabidopsis. Furthermore, we used MEME tool to investigate the conserved domains of watermelon SAUR genes. As a result, a conservative motifs were simultaneously found in most sequences (Fig. 3) .
The 1000 bp upstream sequences of ClaSAURs were investigated by PLACE, the results revealed seven types of auxin signal transduction related cis-elements . We found that at least one of the putative cis-elements existed in promoter regions of most ClaSAURs, except for ClaSAUR 10, 11, 22, 32, 62, 63 and 64 (Supplementary Figure 1 ).
Expression analysis of watermelon SAUR genes
The expression patterns of 11 randomly selected ClaSAURs were examined by qRT-PCR analysis. These genes were differentially expressed among six watermelon tissues (Fig. 4a) . Five genes were mainly expressed in leaf and flower tissues and other five in leaf, bud and flower tissues. Interestingly, ClaSAUR36 was highly expressed in fruit. All these genes were expressed at relatively low levels in stem and root tissues. We further analyzed the expression patterns of these genes response to IAA treatment (Fig. 4b) . Four genes were slightly up-regulated after IAA treatment, while the other seven genes were decreased more than 2-fold at 30 min. Auxin is an important regulator during shoot organogenesis (Duclercq et al. 2011) . For this reason, we examined the expression of SAUR genes during shoot organogenesis of watermelon. The results indicated that nine ClaSAURs were down-regulated at 3, 14 and 28 days, while up-regulated at 7 and 21 days (Fig. 4c) . The other two ClaSAURs were down-regulated after 7 days. Moreover, we compared the expression pattern of ClaSAURs with the expression data of Arabidopsis homologs (Supplementary Table 2 ) during shoot organogenesis in a previous study (Che et al. 2006) . By calculating correlation coefficient in SPSS (Liu et al. 2003) , we found that Cla-SAUR genes showed moderate relationship (R = 0.529, significant at 0.01 level) with Arabidopsis homologs (Fig. 5 ).
Discussion Identification of SAUR genes in watermelon
Genome-wide identification has revealed the scale of SAUR family in model plants, such as Arabidopsis (79), rice (56), tomato (74), potato (134), maize (75) and sorghum (71) Jain et al. 2006; Wu et al. 2012) . In the present study, we successfully identified 65 watermelon SAUR genes, which was at a moderate scale compared with model plants. The cucumber contained 73 SAUR genes even though its genome was smaller than Fig. 1 Chromosomal position of SAUR genes. The chromosome number is labeled on the top of each chromosome. The arrows next to the genes indicated the transcription direction watermelon, which might be caused by whole genome duplication (Guo et al. 2013; Huang et al. 2009 ). In the 65 genes, no intron was found, while six cucumber SAUR genes contained introns (Supplementary Table 1 ). Introns were also found in several tomato, potato and maize SAUR genes, which might affect the expression of these genes Wu et al. 2012) . Among the 65 genes, 16 could match the unigenes in a previous study (Table 2) ; (Guo et al. 2011 ).
Cucurbitaceae-specific expansion of SAUR genes
The watermelon genome contained two SAUR clusters consisted of 15 and 23 genes. We also found two SAUR Table 1 ). Most of these watermelon and cucumber genes were grouped together by phylogenetic analysis (Fig. 2) . The results indicated that the clusters in watermelon chromosome 2 and 11 were highly homologous with those in cucumber chromosome 7 and 2, respectively. SAUR clusters were also reported in rice, tomato and maize, in which most genes tended to be grouped together by phylogenetic analysis Jain et al. 2006; Wu et al. 2012) , indicating the specie-specific expansion was commonly existed in SAUR family. In plants, gene expansion generally accompanied with plant evolution under environment factors (Lespinet et al. 2002) . It has been reported that rapid gene expansion occurred in morphological development and stress response related gene families (Hanada et al. 2008) . We here present the first report the specific SAUR expansion in Cucurbitaceae plants, which might contribute to Cucurbitaceae-specific morphological development. Much more molecular genetic or biochemical analyses would be further needed to reveal the functional evolution of these Cucurbitaceae-specific SAUR genes.
Differentially expressed ClaSAUR genes
We randomly selected 11 ClaSAURs to examine their expression patterns in watermelon tissues. The results indicated all these genes were highly expressed in leaf, respectively. c Expression patterns of SAUR genes during watermelon shoot organogenesis. R0, R1, R2, R3, R4 and R5 of X-axis represent cotyledon segments incubated for 0, 3, 7, 14, 21 and 28 days, respectively shoot and flower tissues of growing watermelon plants. These genes might share the similar functions with Arabidopsis SAUR genes. The functions of SAUR genes in actively dividing tissues, such as cell elongation and cell expansion in Arabidopsis, have been revealed. Moreover, transcriptome profiling has identified 3023 differentially expressed genes during watermelon fruit development and ripening (Guo et al. 2011) . However, in this study, only ClaSAUR36 was highly expressed in developing fruit of watermelon, which indicated that ClaSAUR36 was a specific one from SAUR family. More works are necessary to reveal the function of ClaSAUR36, which will significantly enrich the functional diversity of SAUR family. Under IAA treatment, the expression of seven ClaSAURs decreased more than twofold. Particularly, the expression of ClaSAUR19 reduced more than threefold, which indicated it was an IAA-responsive gene. The other four ClaSAURs were slightly responsive to IAA treatment even if the existence of auxin-responsive cis-elements in their promoter regions. They might function in other phytohormone signaling. In Arabidopsis, only 27 SAUR genes were responsive to auxin treatment (Paponov et al. 2008) . It still remained unclear that why nearly two third of AtSAURs were insensitive to auxin.
Similar SAUR expression between Arabidopsis and watermelon during shoot organogenesis
Transcription profilings have revealed complex auxin signaling pathway during shoot organogenesis of Arabidopsis, poplar and ramie (Bao et al. 2009; Che et al. 2006; Huang et al. 2014) . Many SAUR genes differentially expressed during Arabidopsis and ramie shoot organogenesis. In this study, all the 11 ClaSAURs were differentially expressed during the process and the complex expression pattern of ClaSAURs indicated complex auxin signaling pathway during watermelon shoot organogenesis. We further investigated the correlation between the expression pattern of ClaSAURs and Arabidopsis homologs (Fig. 5) . The correlation coefficient indicated the expression of ClaSAURs was similar with those in Arabidopsis during the process, which supported the conservation of auxin machinery in plants ( De Smet et al. 2011; Finet and Jaillais 2012) . However, more functional characterizations would be still needed to reveal how SAUR genes regulate shoot organogenesis.
Conclusion
In this study, the results provided a genomic framework for future characterization of watermelon SAUR genes. The phylogenetic analysis revealed a Cucurbitaceae-specific SAUR subfamily and contributed to revealing the evolutionary pattern of plant SAUR genes. Quantitative RT-PCR analysis demonstrated the existed expression of 11 randomly selected SAUR genes in different watermelon tissues. ClaSAUR36 was highly expressed in fruit, for which further study might bring a new prospective for watermelon fruit development. Moreover, correlation analysis revealed the similar expression profiles of SAUR genes between watermelon and Arabidopsis during shoot organogenesis. This work gives us a new support for the conserved auxin machinery in plants and lay the foundation of further studies for auxin signaling during shoot regeneration and fruit development in watermelon. 
